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In this habilitation thesis the development of collisionally excited x-ray lasers and their 
application in x-ray laser radiography is described. In the introduction it is pointed out that 
plasma spectroscopy can deliver a wealth of information about many plasma parameters. To 
provide a more general context an overview of x-ray laser schemes is given and a comparison 
of the brightness achieved by the different schemes also with other coherent x-ray sources is 
presented. The specific experiments which are described here were all carried out at the 
Central Laser Facility of the Rutherford Appleton Laboratory (Oxfordshire, UK). Various 
innovations, such as the introduction of a prepulse and the set-up of an opposing refraction 
compensating double target, resulted in saturated output of neon-like as well as nickel-like x-
ray lasers.  
The saturated germanium x-ray laser was subsequently used as a tool to investigate Rayleigh-
Taylor instabilities in laser driven plasmas. These instabilities are detrimental for the 
uniformity of compression necessary in inertial confinement fusion. After a short introduction 
into inertial confinement fusion and Rayleigh-Taylor instabilities in laser driven plasmas the 
method of x-ray laser radiography is described. A possible seed for Rayleigh-Taylor 
instabilities is the non-uniformity of the focal spot of the driving laser, causing the so-called 
initial imprint. The effect of various laser smoothing schemes on the initial imprint was 
investigated with different wavelengths of the drive laser. Moreover, single mode imprint was 
studied by producing an imprinting pattern with one dominant wavelength: a two-beam 
interference pattern was generated in the focal plane of a lens by double rectangular slit 
apertures.  In these experiments the efficiency of imprinting was found to be independent of 
perturbation wavelengths. 











In dieser Arbeit wird die Entwicklung von Röntgenlasern und ihre Anwendung in Form von 
Röntgenlaser-Radiographie beschrieben. In der Einleitung wird auf die große Informations-
fülle hingewiesen, die durch Spektroskopie von Plasmen gewonnen werden kann. Eine 
Beschreibung der unterschiedlichen Methoden zur Erzeugung von Röntgenlasern und ein 
Vergleich ihrer Leuchtdichten auch mit anderen kohärenten Röntgenquellen bietet einen 
Überblick über die aktuelle Forschungslandschaft auf diesem Gebiet.  
Die speziellen Experimente, die in dieser Arbeit beschrieben werden, wurden alle in der 
Central Laser Facility des Rutherford Appleton Laboratory (Oxfordshire, UK) durchgeführt. 
Verschiedene neue Ansätze, wie z.B. der Einsatz eines Vorpulses oder der Targetaufbau in 
Form eines gegenübergestellten Doppeltargets, führten zu Röntgenlasern mit gesättigter 
Intensität, die in der Folge für Röntgenlaser-Radiographie verwendet werden konnten. Mit 
dieser Technik wurden Rayleigh-Taylor Instabilitäten in Laser-erzeugten Plasmen untersucht. 
Diese Instabilitäten beeinflussen die Gleichförmigkeit der Kompression in Trägheitsfusions-
targets äußerst nachteilig. Nach einer kurzen Einführung in die Trägheitsfusion und die dort 
auftretenden Rayleigh-Taylor Instabilitäten wird die Methode der Röntgenlaser-Radiographie 
beschrieben. Ungleichförmigkeiten in der fokalen Ebene des Treiberlasers verursachen das 
Wachstum solcher Rayleigh-Taylor Instabilitäten, indem das Strahlleistungsprofil des Lasers 
auf das Target übertragen wird ('Imprint'). Die Auswirkungen verschiedener Glättungs-
methoden der Laser auf den 'Imprint' wurden für unterschiedliche Wellenlängen des Treiber-
lasers untersucht.  
Außerdem wurden Messungen zur Abhängigkeit der 'Imprint'-Effizienz von der Wellenlänge 
der Störung im Lasermuster durchgeführt, indem mit Hilfe eines Doppelspaltes ein Inter-
ferenzmuster in der fokalen Ebene erzeugt wurde. Die Ergebnisse deuten darauf hin, dass die 
'Imprint'-Effizienz von der Wellenlänge der aufgeprägten Störung unabhängig ist. 
Der zweite Teil dieser Arbeit beinhaltet relevante Originalarbeiten, die in referierten 












This work comprises two parts: a general introduction and some specific results in the field of 
x-ray laser development and application (Part A) and 17 articles published in international 
journals (Part B). 
References in part A to the included publications are shown with roman numbers.  
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It is often quoted that of all the matter in the universe over 99% exists in the plasma state. Not 
only the stars are immense plasma bodies, e.g. our sun as a nearby example is a plasma 
composed predominantly of hydrogen and helium, about one and a half million kilometres in 
diameter, with a core temperature of 15 million degrees C and a density of ten times solid 
lead, but also the life cycle of the stars produces a vast range of plasma objects; giant stars, 
supergiants, dwarfs, planetary nebulae, cataclysmic variables, supernovae, etc., spanning a 
large range of luminosities, masses, temperatures, and densities. On the earth too we can see 
many types of plasmas, from the slow burning flame of a candle to the abrupt flash of a 
lightning strike. Plasmas can be produced in the laboratory by a number of methods including 
the high intensity irradiation of solids or gases (pulsed-power lasers), toroidal magnetic 
confinement devices (tokamaks), and high current electrical discharges (Z-pinches). The 
current widespread interest in generating laboratory plasmas arises both from the desire to 
study fundamental plasma processes, and from development of applications such as plasma 
etching, x-ray lasers, and controlled fusion. 
 
Any type of study into the behaviour or evolution of a plasma, be it an astrophysical or a 
laboratory-produced plasma, must begin with some kind of description of the state of the 
plasma. Perhaps the most fundamental quantities we can use to describe the plasma state are 
the particle density, temperature, and composition. By composition we mean the fractions of 
different atomic species or elements present in the plasma, i.e. hydrogen, helium, etc. For 
each element we can also specify the fraction of ions in each of the possible ion stages, e.g. 
He0+ (neutral), He1+ (singly ionised), and He2+  (fully ionised). Furthermore, each ion of a 
particular ionisation stage may be found either in the ground state of the ion or in one of many 
possible excited states. A complete description of the plasma must include the fraction or 
relative population of ions over all possible states of every ionisation stage. This distribution 
is referred to as the excitation and ionisation distribution of the plasma, or more simply the 





The diagnosis of the density, temperature, and ionisation state of a plasma are crucial to 
improving our understanding of the plasma state. The oldest and most powerful tool for 
diagnosing the plasma state is plasma spectroscopy. Plasma spectroscopy is concerned with 
the observation and spectral analysis of the radiation emitted from a plasma. All plasmas 
radiate energy in the form of electromagnetic radiation. The radiation field represents a 
unique signature of the plasma and can provide a wealth of information about its state. To be 
able to extract this information one must first understand how the radiation field is produced, 
and how it interacts with the plasma. 
 
The ionisation state is determined by interactions between the constituent particles of the 
plasma, the ions and electrons. These interactions occur via a host of atomic processes 
involving transitions between both bound and free states of the ions and electrons. The 
radiation field arises from, and interacts with, the plasma through a number of these 
processes. To a certain extent the radiation field can be separated into two components. The 
first, line radiation, is produced by the spontaneous decay of an excited state of an ion to 
either a less excited state or to the ground state, i.e. a bound-bound transition. The second, 
continuum radiation, arises from transitions which involve at least one free state, such as the 
recombination of a free electron to an ion with the emission of a photon - a free-bound 
transition, or the inelastic collision of a free electron with an ion with the emission of a photon 
- a free-free transition. 
 
To illustrate the diagnostic capabilities of the radiation field in Fig. 1 a typical emission 
spectrum in the hard x-ray region is shown, recorded from a laser-produced plasma. The 














































Fig. 1:  A typical x-ray emission spectrum from an aluminium laser-produced plasma 
(taken from thesis P.Patel) /1/. 
 
The wavelengths of the lines can immediately be identified with the Lyman series transitions 
(np→1s) in the hydrogen-like (Al12+) and helium-like (Al11+) ion stages of aluminium. The 
mere presence of these lines in the emission spectrum therefore establishes the presence of the 
corresponding ions in the plasma. The relative intensities of lines from different ionisation 
stages are a reflection of the relative abundances of those ions in the plasma. Similarly, the 
relative intensities of lines arising from a single ion stage provide a measure of the population 




extremely useful indicators of conditions within the plasma. All lines have some finite width 
in frequency due to the intrinsic uncertainty in the energies of the upper and lower states 
predicted by quantum mechanics. This width, the natural linewidth, is the quantity which one 
would associate with the emission from a single, isolated ion.  In the presence of other ions, 
however, the lineshape may be significantly broadened; the most common mechanisms for 
this being (i) Doppler broadening, where the random thermal motion of the ions induces 
Doppler shifts in the frequencies of the emitted line radiation, and (ii) broadening associated 
with high density effects, such as perturbations in the energy levels of the emitting ion caused 
by the close proximity of other ions or free electrons. The usefulness of the lineshape in 
diagnosing the plasma conditions lies in the strong density- and temperature-dependence of 
these broadening mechanisms. The continuum emission can also provide a useful diagnostic 
of the plasma state. The free-bound recombination slope, for instance, is particularly sensitive 
to the electron temperature. 
 
In the following two research topics – both in the field of laser induced plasmas – are 
described: Development of collisionally excited x-ray lasers and x-ray laser radiography. 
Their understanding and further development rely heavily on plasma spectroscopical methods. 
 




A.2. Development of collisionally excited x-ray lasers 
 
Since the first demonstration of lasing in the soft x-ray region in the mid 1980s /2/ there has 
been considerable development in the generation of coherent radiation in this region of the 
electromagnetic spectrum. Some major schemes are described below, for a detailed 
description of mechanisms of x-ray laser production the reader is referred to R.C. Elton's book 
about X-Ray Lasers /3/ and references therein.  
 
A.2.1. Overview of x-ray laser schemes 
Collisional excitation 
In collisionally excited x-ray lasers population inversion is achieved by collisional excitation 
of the lasing ion by free electrons. The gain medium is a laser generated plasma column, 
typically produced by an optical laser incident onto a slab target of the lasing material in line 
focus geometry. Further details are mentioned below. Up to date this scheme has provided the 
highest brightness single pulse source of x-rays /4/, [I, III, IV, X, XI].  
 
Transient collisional excitation 
This scheme is an extension of the collisional excitation scheme in which the main electron 
heating occurs at a time scale shorter than the relaxation time of the lasing level. A prepulse in 
line focus geometry is used to form a low density expanding plasma. The subsequent very 
short, typically a few hundred femtoseconds long, main heating pulse has to be shaped in the 
so-called 'travelling wave' geometry, such that the amplified photons will continuously travel 
through regions of high gain /5/, [VIII, IX]. 
 
High harmonic generation in gas targets 
High harmonics are a result of non-linear processes in the interaction of intense lasers (~1015 
W/cm2) with a gas target. An electron moving in the electric field of the laser oscillates 
around the atom at a distance proportional to λ0-2 (the central wavelength of the driving laser). 
Each time the oscillating electron comes in contact with the atom there is a probability of a 




harmonic photon being emitted within the cone angle of the laser /6/. Gas harmonics can be 
created in laboratory based, compact experiments at kHz repetition rates /7/. Pulse widths of 
< 2fs have been reported and future developments in laser driver technology might allow atto-
second x-ray pulses /8/. Phase matched harmonic conversion of visible light into x-rays within 
a fibre waveguide increases the efficiency by two to three orders of magnitude /9/. 
 
High harmonic generation in solid targets. 
A very intense (>1019 W/cm2) and ultrashort (<500 fs) laser pulse incident on a solid target 
creates a thin plasma layer in which the density drops from solid to the vacuum level in a 
distance shorter than the wavelength. The plasma oscillates in response to the electromagnetic 
forces of the incident laser light thus forming an 'oscillating mirror'. The reflected light 
experiences a phase modulation which leads to odd and even harmonics of the fundamental 
frequency /10/. 
 
Fast capillary discharge 
A high temperature (>150 eV), small diameter (200 μm) plasma column is efficiently 
generated by very fast pulsed discharge excitation of capillary channels filled with pre-ionised 
gas. With a double-pass experimental set-up using an iridium mirror saturated output at 7 Hz 
could be achieved /11/ in a device with table-top dimensions. 
A recent development is a hybrid technique of fast capillary discharge combined with 
collisional pumping by a picosecond laser source /12/. 
 
Recombination 
A highly ionised plasma is allowed to cool rapidly by expansion. Upon cooling the electrons 
recombine preferentially into the upper levels of the ions, thus producing a population 








Inner shell photo ionisation 
Inner-shell excitation and ionisation schemes for x-ray lasing in the keV spectral range have 
been proposed for a number of years /14/ but up to now experimental evidence is still lacking. 
Due to the short life time of gain (~ 60 fs) high intensity ultra-short laser pulses in travelling 
wave geometry could be used as driver. Inner-shell transitions could be pumped by filtered 
black-body radiation of a plasma with a temperature of about 500 eV /15/, where the filter 
cuts the low-energy x-ray component which causes outer-shell ionisation of the lasing atoms 
leading to a reduction of population inversion. Another pump source could be an ultra-fast x-
ray pulse from a K-shell transition produced by collisions with energetic electrons driven by 
an ultra-short high intensity laser /16/. 
 
Free electron lasers (FEL) 
A FEL is essentially composed of three parts: an electron accelerator, a magnetic undulator 
and an optical resonator (see e.g. http://www.frascati.enea.it/fis/lac/fel/fel2.htm). The 
electrons are forced by the magnetic field on an oscillating trajectory, thus emitting 
synchrotron radiation. In the electron frame reference the process can also be seen as a 
scattering between the electron beam and the virtual photons of the undulator. If an external 
field is present, the radiation is emitted in phase with this external field. The interaction 
between the laser field, the static magnetic field of the undulator and the electron beam has as 
a final effect the spatial bunching of the electrons on the scale of the radiation wavelength, 
and the transfer of energy from the electron beam to the laser field. The undulator can be 
considered as the equivalent of the "active medium" of a conventional laser system, while the 
electron beam is the equivalent of the "pumping system". The new user facility at the TESLA 
test facility at DESY in Hamburg will provide FEL radiation from the VUV into the soft x-ray 
region from 2004 on /17/.  
In figure 2 a summary of the peak brightness of various x-ray sources is shown /18/.  
Experimentally measured data are shown by the solid lines or data points, with expected near-
future developments represented by an error bar. Proposed but currently unobserved sources 
are shown with dashed lines or open data points. 
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Fig 2: Peak spectral brightness for a range of x-ray sources. 
 
Collisional excitation x-ray lasers are seen to be the highest peak brightness source of x-rays 
due to their high collimation, high pulse energy and their narrow fractional spectral 
bandwidth. Currently realised sources of gas and solid harmonics have lower peak brightness 
reflecting the inherent greater divergence and spectral bandwidth of these schemes. An 
exception is the phase matched gas harmonics which improves the brightness of gas 
harmonics by two orders of magnitude. Due to the small dimensions of the systems gas 
harmonics can be operated at high repetition rates. Also the fast capillary discharge x-ray laser 
can be operated at 7 Hz and so has a high average brightness. In figure 2 also some 
experimentally realised figures of synchrotron based sources are shown such as for the 
Advanced Light Source (ALS) /19/ and the Advanced Photon Source (APS) /20/. Also 
indicated in the graph are the predicted outputs of  the proposed x-ray Free Electron Lasers 
(FEL) facilities in the USA (SLAC) /21/ and in Germany (DESY and TESLA) /17/. It may be 
seen that the collisionally excited x-ray laser is the brightest single pulse source of x-ray 
radiation currently available. However with the SLAC facility expected to be operational in 








A.2.2. Basic quantities for collisionally excited x-ray lasers 
 
In the following some basic quantities in x-ray laser research are explained (gain, saturation, 
refraction) and the development of collisionally excited x-ray lasers is reported.  
The gain coefficient α (cm-1) of a transition can be written in terms of the upper and lower 
state population densities Nu and Nl (cm-3) as: 
 
α = Nu σstim F = Nu σstim  [1 – (guNl)/(glNu)]      (1) 
 
Where σstim  is the cross section for stimulated emission, gu and gl are the statistical weights of 
the upper and lower levels respectively, and F is known as the fractional inversion of the 
system. 
The basis of the x-ray laser scheme discussed here is electron collisional excitation from the 
ground state of an ion into the upper lasing level which is metastable against decay back to the 
ground state (see figure 3). The lasing transition is a Δn = 0 transition to a lower level which 
must be strongly radiatively coupled to the ground state to depopulate rapidly.  










The Ne-like sequence as well as the Ni-like sequence have proven very successful due to the 
greater stability of these ion stages than others. Following the treatment of Elton /3/, the 
electron collisional dipole excitation rate coefficient Cgu from a ground state g to an upper 
















5      (2) 
where <ggu> is the effective Gaunt factor averaged over a Maxwellian velocity distribution (~ 
0.2 and the remaining symbols all have their normal meaning.  
 
Since 2p-3p Δl = 0 dipole transitions are parity forbidden, excitation (and depopulation) via 
this route is not possible. Excitation from the 2p ground level to the 3p states occurs via 
monopole excitation. The 2p-3p monopole excitation rate has been calculated /22/ as being 




approximately half the 2p-3d dipole rate which can be calculated using equation (2). The 
number of excitations Pgu (cm-3s-1) from the ground state to the upper lasing level will depend 
on the product of the electron collisional monopole excitation rate coefficient with the ground 
state ion density Ng. In a plasma it is expected that under ideal conditions about 1/3 of the 
ions present will be in the Ne-like state and that almost all of these will be in the ground state, 



















6      (3) 
Equation (3) shows that the rate of increase of the upper state population density depends on 
the electron density squared, clearly favouring higher density operation for this scheme. There 
is a limit though, above which the collisional deexcitation rate for the upper to lower lasing 
level is larger than the radiative decay rate. Operation at densities above this limit does not 
lead to a further increase in the population inversion. Moreover the maximum fractional 
inversion for the 3p-3s J=0-1 transition occurs at an electron temperature approximately half 
the ionisation potential. In order to reach maximum gain, a delicate balance of plasma 
electron densities and temperatures has to be achieved: Collisional mixing of the upper and 
lower lasing levels prevents the gain from reaching higher values with higher electron 
densities, whereas higher electron temperatures lead to overionisation. 
 
There are essentially two methods of determining the presence or absence of gain on a 
transition in a plasma. Either the population densities of the upper and lower lasing levels can 
be explicitly examined for inversion or the intensity of the lasing emission can be studied. 
These techniques both involve monitoring the self emission from the plasma with 
spectroscopic means. Alternatively, by injecting a probe beam at the lasing wavelength and 
measuring the change of signal strength in traversing the plasma it is possible to deduce the 
plasma parameters but this is hard to achieve experimentally. 
 




While in low gain length systems (αL < 1) it is rather difficult to measure the gain, in high 
gain length systems (αL > 2) the simplest method of determining the gain is to look for the 
exponential growth of intensity of lasing emission with plasma length. For a homogeneous 












ε −=          (4) 
where α and ε refer to the gain and emissivity values at line centre and the frequency 
integration has been carried out for a Doppler broadened line profile. The approximation 
referred to as the ‘Linford‘ formula provides an accurate description of the peak intensity 
against length scaling for a lasing transition in a steady state system. Provided that the transit 
time of photons through the plasma is small compared to the duration of the gain τg, i.e. L << 
cτg, where c is the speed of light in vacuum, then the Linford formula is a good analytic 
approximation to the expected scaling behaviour of I against L. To use the Linford formula to 
determine the gain present in a plasma, it is necessary to examine the output intensity from a 
number of different target lengths. This method, which is used in several investigations (ref. I, 
III, IV, IX, XI, XII), relies upon the reproducibility of the plasma conditions on a number of 
different shots. This is why spectroscopical diagnostics to monitor and ensure the uniformity 
and reproducibility of the plasma conditions are important. Due to the heating and expansion 
of a laser generated plasma there will always be electron density gradients present. The 
refractive index of soft X-rays is a function of the electron density and hence it will be 
spatially and temporally dependent. The effect of refraction in a plasma is to decrease the 
maximum distance that a ray can propagate before crossing the boundaries specifying a 
particular set of plasma parameters. This effect can result in non exponential growth of a 
lasing transition with plasma length when the boundaries specify the amplifying zone in the 
plasma. 
 
In the small signal gain regime the output intensity will scale with the plasma length L and 
gain coefficient α as described by the Linford formula (equ. (4)). As the gain length product 




of the plasma increases the flux travelling through the plasma eventually becomes sufficiently 
large that the population of the upper lasing level is significantly reduced due to stimulated 
transitions. This reduces the gain coefficient and will in the limit cause the intensity to grow 
linearly with plasma length instead of exponentially. The saturation intensity Isat is defined as 
the intensity required to reduce the gain coefficient at line centre to 50% of it’s value when I = 
0. For L ~ 3-6 cm and the cross section of the gain region of about 100 μm, αLsat ~ 19, with 
saturated power levels being in the MW regime. Since present laser drive technology can only 
sustain the plasma conditions necessary for inversion for times less than 1 ns the output 
energies are in the mJ range. 
 
 




A.2.3. Selected results of neon- and nickel-like x-ray lasers 
In figure 4 a typical set-up is shown which is used in most experiments with collisionally 




Fig. 4:  Typical experimental set-up for x-ray laser experiments at the Rutherford Appleton 
Laboratory. Indicated in red are the infrared VULCAN drive laser beams which are 
focussed on a double target (e.g. Germanium stripes). The two target stripes are aligned 
opposite to each other to allow for some compensation of the refraction of the propagating 
x-ray beam (see insert at the top right). Indicated in grey are optional diagnostics, such as 
the Bragg crystal spectrometers to monitor the uniformity of the target heating and the 
ionisation state of the plasma, the flat field spectrometer to measure the lasing lines, the x-
ray streak camera to measure the time duration of the lasing pulse and the imaging set-up 
consisting of spherical mirror and CCD which is used for imaging the nearfield and  the 
farfield of the x-ray laser. 
 
 
One of the biggest achievements in the experiments carried out at the Rutherford Appleton 
Laboratory within the UK x-ray laser network is the application of a low level (10%) prepulse 
before heating the plasma with a main pulse (see refs. II, VI, VII, X). Two major advantages 




are apparent: (i) the main pulse hits an expanding low density plasma thus increasing the 
absorption via inverse bremsstrahlung significantly leading to higher temperatures and (ii) the 
density gradient of the plasma is reduced and consequently the refraction of the propagating 
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Fig. 5:  The output energy of a 1 cm long Germanium stripe target is shown for various 
drive pulse configurations. The red squares indicate the energy efficiency. 
 
Figure 5 shows the x-ray output energy (blue) of a Germanium x-ray laser at a wavelength of 
19.6 nm for different driver pulse configurations. The plasma was kept at a length of 1 cm to 
prevent saturation effects for the double pulse drive configurations.  
As indicated in figure 4 a double target configuration with two stripes being irradiated from 
opposite sides forms a refraction compensated lasing medium. In case of the Ge x-ray laser 
the length of the gain region then is sufficient for saturated output with an output energy of ~ 
0.9 mJ [I]. Figure 6a shows a far-field image of the Ge x-ray laser from a double target with a 
perpendicular separation of 200 μm between the planes of the two targets. The divergence in 
the perpendicular direction, i.e. normal to the surface is only 6.6 mrad, whereas it is about 30 
mrad parallel to the target surface. This is due to the refraction compensation in the opposing 
slab geometry. 
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Fig. 6: a) Image of the Ne-like Ge x-ray laser beam 3 cm from the output plane for a double 
target. b) Axial spectrum showing that the 19.6 nm laser line completely dominates the 
spectrum [I]. 
 
The axial spectrum shown in figure 6b) demonstrates that the Ge J= 0-1 transition at 19.6 nm 
completely dominates the laser output. The other J = 2-1 laser lines at 23.2 nm and 23.6 nm 
are weaker by a factor of over three orders of magnitude. 
This practically monochromatic x-ray laser could be operated in a very stable, saturated mode 
and was used as a diagnostic tool for x-ray laser radiography, described in the following 
chapter. 
The effect of refraction due to the plasma density gradient decreases with the lasing 
wavelength. For the Ni-like Ag x-ray laser [IV, V] which lases at a wavelength of 14 nm 
streak images showing the temporal behaviour of the angular distribution in the exit plane 
perpendicular to the target surface are shown in figure 7. A single flat target produces a laser 
emission with a divergence of 3.4 mrad (already considerably less than the refraction 
compensated output of the Ne-like Ge x-ray laser described above), the double target yields 
emission with a divergence of 2.1 mrad. The emission from a curved target has the smallest 
divergence of 1.7 mrad and also peaks closest to the target surface. 
 









Fig. 7: Streak images of angular distributions of the Ni-like Ag 14 nm laser line from a) a 












A.3. Selected topics on x-ray laser radiography 
 
 
A.3.1. Inertial confinement fusion (ICF) 
Since many years researches have tried to create conditions on earth which are suitable for the 
controlled use of fusion energy. The elementary fusion processes and their cross sections are 
well known. The process with the lowest ignition temperature fuses D and T to He and one 
neutron, the latter carrying away most of the released energy: 
 
D + T -> He4 (3.52 MeV) + n (14.06 MeV)     (5) 
 
In order to initiate a fusion process, the DT fuel has to be heated to about 10 keV. Only if the 
fusion processes deliver as much energy as has been put in to heat the fuel, the concept can be 
regarded as successful. John Lawson has formulated the necessary conditions for the particle 
density n of the fuel and the confinement time τ which is now known as the Lawson criterion 
/24/: 
 
 n τ > 1020 s/m3        (6) 
 
This criterion only poses a condition to the product of particle density and confinement time. 
For a low particle density the confinement time must be long, whereas one could also choose 
a high density with a short confinement time. Currently there are two major routes towards 
controlled thermonuclear fusion, i.e. magnetically confined fusion (MCF) and inertial 
confinement fusion (ICF). While in magnetically confined fusion the particle densities are of 
the order of 1020 m-3 and the corresponding confinement times are a few seconds, in inertial 
confinement fusion the particle densities are higher than 1030 m-3, with confinement times of 
the order of nanoseconds. For a comprehensive description of magnetically confined fusion 
the reader is referred to /25/.  
Typical burn temperatures of ICF  DT capsules are 20 – 40 keV, requiring a fuel areal density 
ρR of > 3 g/cm2 for a high gain ICF capsule implosion /26/. This can be achieved by having 
either a low density, large radius configuration or a high density, small radius configuration. 
In order to minimise the driver size required for ICF, which is inversely proportional to the 
square of the compression of the fuel, a small capsule with high compression will be required. 
 








acceleration compression thermonuclear burn  
Fig. 8:  Main phases of an ICF capsule implosion. 
 
Figure 8 shows the main phases of an ICF capsule implosion. After the absorption of the 
driver energy (laser or x-rays produced by laser or ion beams) a target corona is formed. The 
heated plasma expands outward with a velocity of 100-1000 km/s, giving its momentum to 
the remaining part of the capsule which starts to move towards the centre thus being 
compressed and heated. If at the time of highest compression the Lawson criterion is fulfilled, 
thermonuclear ignition and subsequent burnup will occur. The final density attained by the 
fuel during implosion depends on (i) the external driving pressure, (ii) the resistance of the 
target matter to compression and (iii) on the development of hydrodynamic instabilities and 
asymmetries during the implosion process. 
As the energy required to compress the fuel in a Fermi-degenerate manner is considerably less 
than that to heat the same mass to higher temperatures, current designs rely on the 
development of a hot spot in the centre of the capsule. In this high temperature region ignition 
will occur and the α particles released from the DT reaction will heat the remaining colder 
fuel. 
The fuel temperature and density profiles at a time near ignition for a high gain ICF capsule 
are shown in figure 9.  Asymmetries or the development of instabilities can lead to a mixture 
of the dens cold part of the fuel with the hot spot in the centre, thus reducing the central 
temperature and inhibiting ignition. 
 





Fig. 9:  Fuel temperature and density at a time near ignition /26/. RHS is the radius of the 
central hot spot and is usually defined as the position where ρR ~ 0.3 g/cm2. 
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Fig. 10:  Schematic of the two methods to drive an ICF capsule. In (a) direct drive the 
capsule is directly irradiated by laser or ion beams, while in (b) indirect drive the inside 
walls of the Hohlraum are irradiated, the incident energy is converted into x-rays which are 
used to compress the fuel. Graphs taken from http://www.llnl.gov/str/Haan.html. /27/ 
 




Currently two methods are envisaged to compress the capsule: direct drive and indirect drive.  
While in direct drive large numbers of laser beams or heavy-ion beams deposit their energy 
uniformly on the surface of the target, in indirect drive the fuel capsule is enclosed inside a 
hohlraum made from a high-atomic weight metal like lead, gold, or tantalum. When lasers or 
heavy-ion beams deposit energy inside the hohlraum the inside surfaces are heated. Laser 
drivers heat hohlraums by entering through small holes in the hohlraum wall, while heavy-ion 
drivers deposit ion kinetic energy into absorber material. The absorber, heated to a high 
temperature, radiates energy to other surfaces inside the hohlraum. A recently successful 
approach to indirect drive is the use of a Z-pinch to accelerate an array of tungsten wires onto 
the surface of a hohlraum /28/ to produce x-rays. In all these indirect drive approaches a much 
more uniform irradiation of the fuel capsule can be achieved than with direct drive, thus 
reducing the amplitude of instabilities originating from the nonuniformity of the drive. 
A new concept to reduce the danger of failure due to the mixture of the hot and cold fuel is 
the 'fast ignitor' /29/. In the fast ignitor concept an ultra-short, ultra-intense laser pulse is used 
to generate hot electrons which ignite a pre-compressed core. First, a capsule is imploded as 
in the conventional approach, in order to create a high-density fuel configuration. Then, a 
300 ps long, very intense laser pulse is directed into the compressed core. This laser creates a 
channel and pushes the blow-off plasma from the compressed capsule close to the centre of 
the fuel. A second ultra-intense laser pulse with an even shorter pulse duration is then sent 
down this channel. As it interacts with the end of the channel, it generates hot electrons which 
are injected into the fuel, creating a hot spot where ignition occurs.  
  




A.3.2. Rayleigh-Taylor instabilities in direct drive ICF 
 
One of the major problems in inertial confinement fusion is the development of Rayleigh-
Taylor (RT) instabilities during the acceleration and deceleration phases of the fuel capsule. 
Hereby a heavy, dense liquid is accelerated by a lighter liquid giving rise to the classical RT 
instability. For the ablative drive two main effects reduce the classical growth rate γ = ka , 
with a the acceleration and k the wave number. On the one hand smoothing processes in the 
thermal conduction zone lead to smaller amplitudes and on the other hand ablated material is 
continuously transported away as illustrated in figure 11. Both effects are taken into account 
in the so-called 'Takabe' formula /30/ for ablatively driven RT growth:  
 
γ = −0 9 3. ka kva         (7) 
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Fig. 11:  Solid material irradiated by a laser beam (calculated for 5 1013 W/cm2 on 2 μm thick Al). 
Inside the ablation front the material is compressed and a shockfront is running through the 
undisturbed matter.  The thermal conduction zone can be found between the ablation front and the 
critical density, where thermal smoothing of ripples occurs.  
 
The ICF drive laser spots exhibit typical speckle patterns which seed the RT instability, 
resulting in large amplitudes which develop into the so-called bubbles and spikes in the later 
nonlinear phase. Consequently this leads to a mixture of hot and cold fuel inhibiting ignition. 
Not only the laser speckle but also nonuniformities of the capsule surface are seeds for the 
instability.  




A.3.3. Selected results of investigations into RT instabilities of 
directly driven plasmas 
 
Most of the experiments to investigate ablatively driven RT growth have been using x-ray 
radiography, where a laser driven backlighter provided the x-ray radiation /31/. We have used 
essentially the same technique but with an x-ray laser as backlighter which has a higher peak 
brightness (see figure 2) and a short pulse duration of about 50 ps [I]. These are the two main 
advantages of x-ray laser radiography, enabling us to study the growth of laser driven 
hydrodynamic instabilities with high spatial and temporal resolution [XIII, XIV, XV]. 
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Fig. 12:  Typical experimental set-up for x-ray laser radiography experiments at the Rutherford 
Appleton Laboratory. 
 
A typical experimental set-up is shown in figure 12. Six beams of the VULCAN Nd:glass 
laser at 1.05 μm are used in a standard off-axis line focus geometry (indicated in red), where 
two 18 mm long and 100 μm wide Ge stripe targets were irradiated from opposite sides to 
form a refraction compensated lasing medium. The resulting X-ray laser beam was saturated 
with an output energy of ~ 1mJ. Al foil targets were used since Al has the lowest opacity for 
the Ne-like Ge X-ray laser wavelength of 19.6 nm. At 19.6 nm the cold absorption coefficient 
for Al is 2.24 μm-1/32/ [XVII], consequently a thickness variation of only 50 nm results in a 
10% change in signal intensity. The 2 μm thick Al foil was placed 3 cm away from the output 




aperture of the Ge X-ray laser. Two multilayer mirrors were used to image the Al foil onto an 
X-UV sensitive CCD with a magnification of ~16.  
The drive beams, indicated in the figure in green, were focussed onto the Al foil. The shaping 
of these beams depended on the underlying physical problem. Measurements were carried out 
with various smoothing schemes (see below), as well as with different wavelengths of the 
imprinting laser. Moreover, single mode imprint was studied by producing an imprinting 
pattern with one dominant wavelength (see below). 
By changing the timing between the drive beams of the X-ray laser and the drive beams of the 
imprint, a time history of the hydrodynamic behaviour could be measured on a shot to shot 
basis. In figure13a) the timing scheme between the laser drive pulses (shown in red) and the 
foil drive pulse (shown in black) is indicated, with the a typical streak camera measurement 
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Fig. 13:  a) Timing scheme for x-ray laser radiography measurements with b) a typical streak camera 
image (inset) with the corrected lineouts for the laser drive pulses. 
 
In the first experiments [XIV] different laser smoothing schemes were applied to the 
imprinting beam. The imprinted modulation due to a static random phase (RPP) /33/ speckle 
pattern, a speckle pattern smoothed by 1D spectral dispersion (SSD) /34/ , and a speckle 
pattern smoothed by induced spatial incoherence (ISI) / 35/ was measured as a function of 
time. The Al foils were irradiated at an intensity of 2-8 1012 Wcm-2 with a frequency doubled 
(0.53 μm) 1 ns long pulse. The patterns of the drive beams were replicated in the x-ray laser -
radiographs, but the magnitude of the modulation changed as a function of time. In figure 14 
such measured x-ray laser radiographs for the three different smoothing schemes are shown 
together with their respective Fourier transforms.  




0 10050 150 0 10050 150 0 10050 150
0-25 25 0-25 25 0-25 25
Position at target (µm)
Mode number (200 µm square)
a) 2ω static RPP b) 2ω SSD c) 2ω ISI
XUV  
radiograph
2-D FFT of 
radiograph
 
Fig. 14:  x-ray laser radiographs for three different smoothing schemes together with the respective 2D 
Fourier transforms. The measurements were taken 200 ps after shock breakout, i.e. well into the linear 
growth phase of the Rayleigh-Taylor instability. 
 
At these intensities, modelling with a one dimensional hydrocode /36/ predicts a shock break 
out time (= the time that the shock wave reaches the back of the foil) of about 200 ps. 
Thereafter the whole foil is accelerated by the drive beam, imprinted non-uniformities become 
Rayleigh-Taylor unstable and the amplitude of the imprinted modulations grow exponentially. 
As the radiographs give a measure for the change in optical depth of the Al foil, the absolute 
amplitude of the modulations can be determined. Consequently, the effect of the different 
smoothing schemes on initial imprint and subsequent RT growth could be measured and 
compared to each other. Best results were obtained with ISI smoothing, the resulting 
modulation being significantly smaller compared to both an SSD smoothed beam and a beam 
smoothed with RPP only. The time history of the normalised modulation of the foils for these 
smoothing techniques is shown in figure 15. Here the growth of the perturbations integrated 
over all wavelengths is plotted. Details of the change in rms modulation as a function of time 
depend on the Fourier composition of the imprinted speckle pattern. However as a first order 
approximation, the same growth rate for the different cases is assumed and an exponential fit 
to the static imprint data is applied. 
 





















Fig. 15:  Normalised modulation versus time for three different smoothing schemes. 
 
Extensive studies have been carried out into imprinted modulation due to a single optical 
mode generated by two-beam interference [XV]. The single mode interference patterns were 
generated in the focal plane of a lens by double rectangular slit apertures. 15, 30, 70 and 90 
μm single modes were imprinted on 2 mm thick Al foils with an optical drive laser at 0.53 μm 
for intensities in the range of 5 1012 Wcm-2 to 1.5 1013 Wcm-2. Figure 16 shows two typical 
radiographs of a 15 μm single mode imprint measured a) at t = 0.04 ns, i.e. just at the 
beginning of imprint and b) at t = 0.350 ns, i.e.150 ps after shock breakout. The response of 
the shocked target visible in the radiographs is comprised of a change in opacity due to the 
compression of the target and areal density perturbations driven by the single mode. The 
Takabe relationship was used to estimate RT growth factors by obtaining values for the 
acceleration and ablation velocity from one-dimensional numerical modelling /36/ of the 
ablative drive process. In the parameter range of these experiments, the efficiency of 
imprinting was found to be independent of perturbation wavelengths, suggesting little 
influence of thermal conduction smoothing. 
 




      
Fig. 16:  Radiographs of 15 μm single mode imprint at a) t=0.04 ns and b) t=0.35 ns together with their 
horizontal and vertical lineouts. 
 
An unforeseen consequence of the previously described single mode experiments was the 
discovery that the change in opacity of shock compressed Al is significant. Knowledge of the 
opacity of shock compressed material is important for the interpretation of all radiography 
experiments. An increase in the mass absorption coefficient due to shock compression has 
been measured for the first time using the technique of x-ray laser radiography [XVI]. These 
measurements not only constitute the first data on strongly coupled plasma properties at such 
high frequencies but the densities at which they were obtained ( 2 times that of solid) are also 
significantly higher than those present in previous experiments. Laser driven megabar shock 
compression of an Al foil caused up to a factor of 2.2 increase in the opacity of the foil at 19.6 
nm radiation from the Ne-like Ge x-ray laser. 
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